We propose a novel broadband single-polarization single-mode (SPSM) photonic crystal fiber with hexagonally latticed circular airholes. Combined with our fabricated polarization maintaining fiber, it has demonstrated that the enlarged air holes in the outmost layer are superior for the confinement loss reduction. At the optimized parameters, the wavelength of SPSM region ranges from 1.52 to 2.13 µm, where only y-polarized fundamental mode exists and the confinement loss is 0.051 dB/km at 1.55 µm. The influence of realistic fabrication errors involving structure deviation on SPSM operation has also been systematically investigated.
Introduction
Single-polarization single-mode (SPSM) fiber supports only one polarization state of fundamental modes over a specific wavelength range, which is also known as absolute single-polarization fiber [1] , [2] . Owing to its unique properties of eliminating polarization crosstalk effect and preventing the polarization-mode dispersion, this fiber has extensive applications in fiber optic gyroscopes, high-speed transmission systems and other polarization-sensitive components [3] , [4] . To achieve SPSM operation, a high birefringence is essential for the optical fiber to separate the two orthogonally polarized fundamental modes [5] . In the last few years, the photonic crystal fiber (PCF) as a new type of media has been preferred to obtain broadband SPSM guidance [6] , [7] , since its high index contrast between silica and air account for an appreciably high birefringence. Numerous designs have involved broadband SPSM guidance in PCFs. Several SPSM-PCFs evolved from traditional PM-PCF (PM1550-01, by NKT Photonics) have been proposed [8] , [9] . To further broaden operation bandwidth, another kind of strategy is through exploiting elliptical air-holes and rectangular-lattice [10] , [11] . In spite of the revealed attractive features of these designs, the huge challenge lies in the fabrication of these above-mentioned PCFs. Also, it is well known from recent studies [12] , [13] , the modes in the fiber are inherently leaky since the number of air holes in the cladding is finite. The confinement loss can be reduced to the desirable level by increasing the number of air rings [14] , [15] , but it still increases the complexity of fabrication. Furthermore, fibers with a noted length are preferred in the application concerning gyroscope, in which case a tiny structure deviation can even accumulate to a remarkable performance deviation, leading to a consequently urged research on structure tolerance. Current studies have demonstrated that dimension variations of SPSM fiber have a strong influence on the performance of SPSM operation [16] , [17] . However, the analysis of air holes deviating from their original positions has still been neglected.
In this paper, a double-cladding PM-PCF with hexagonally latticed circular airholes is reported on, which is fabricated in our lab using the stack-and-draw method [18] , [19] . A low confinement loss of 3.06 × 10 −3 dB/km and a birefringence of 3.87 × 10 −4 at 1.55 µm are obtained, theoretically. Based on the double-cladding method, we propose a novel broadband single-polarization singlemode PCF with six rings of circular airholes arranged in hexagonal lattice. It is confirmed from numerical results that a low confinement loss (LCL) bandwidth of 260 nm for SPSM operation including the wavelength of 1.55 µm has been achieved. Moreover, a research covering structure deviation tolerance has been laid emphasis on so as to well analyze the fiber properties, which is one of the key issues of the SPSM fiber.
Experiments
Here, we present a simple double-cladding polarization maintaining PCF designed to deliver polarized light. This PM-PCF was fabricated using the stack and draw technique commonly used for photonic crystal fiber fabrication. Fig. 1 shows the fabrication process of our PM-PCF. The first process was to draw numbers of silica capillaries and rods. Then, the fabricated capillaries were sealed at one single end and stacked in a hexagonal shape, as shown in Fig. 1(b) . Stacked capillaries were inserted into a suitable jacketing tube, and voids at six hexagonal sides were filled with packing rods of different sizes. In our design, the center capillary was replaced with a rod of the same size as the other capillaries. Two capillaries near the core rod and capillaries in the fifth ring were all replaced with larger inner hole capillaries. After that, the PCF perform was prepared and drawn to the fiber.
Results and Discussion

Characteristic of Fabricated PM-PCF
A microscope image of the PM-PCF fabricated in pure silica is shown in the Fig. 2(a) , with x denoting the fast axis and y denoting slow axis. It consists of five periods of air holes, appearing as the black area in the Fig. 2(a) . The pure silica has been utilized as the background whose chromatic dispersion was determined by the Sellmeier equation [20] . The confinement loss [1] can be expressed as
where n eff is the effective refractive index, Im stands for the imaginary part, the unit of CL and the wavelength of λ are dB/km and meter, respectively. Simulation of PM-PCF was performed using by the full vector finite element method with perfectly matched layers [6] . From the measurement, the outer diameter PCF is 124 µm, the pitch size is 6.78 µm, and a variety of surrounded airhole with three different values are obtained. Two large air holes adjacent dB/km, respectively. In Fig. 2 (a), it has been found a defect hole with a smaller size at the right-down corner in the outmost layer, causing a slight increasement in the confinement loss compared to that of ideal mode -the y-polarization is only 3.94 × 10 −5 dB/km. On the other hand, given the air hole of the fifth layer is shrunken to 2.5 µm, the confinement loss of y-polarized mode will be dramatically increased to 7.78 dB/km. To draw a point home, the enlarged air holes in the outermost ring can effectively reduce the loss by at least two orders of magnitude, compared to the case where air holes are set as small or shrunken ones. At the same time, based on this double-cladding method, a broadband SPSM-PCF can be realized through adjusting structure parameters of the fiber.
Structural Optimization of PM-PCF
There are two design principles to obtain SPSM-PCFs [21] . The first one is based on eliminating the unwanted polarized mode through its resonance coupling to the cladding defect modes, named as index-matching coupling method [22] . The second method is through exploiting the asymmetry in the fiber core and/or cladding region to make the effective refractive index of one polarization state of the fundamental mode lower than fundamental space-filling mode (FSM), which is called deadline method [23] . In this letter, the second technique is adopted to achieve SPSM-PCF.
As shown in Fig. 3 , the proposed single-polarization single-mode PCF with a hexagon-lattice arrangement is composed of six rings of circular air holes with the outermost cladding formed by big air holes. The schematic design of SPSM-PCF is based on traditional PM-PCF, where two large air holes and four small air holes in the first ring of the cladding together form an anisotropic core area. The diameter of large air holes in the core region is D. The pitch of two adjacent air holes is . The diameter of the inner cladding air holes is d 1 and the diameter of air hole in the outermost ring is d 2 . In our calculation, = 3 µm, D = 3.8 µm, d 1 = 1.5 µm, and the value of d 2 is adjusted to optimize the polarization property. The design of SPSM-PCF operation is aimed at the wavelength of 1.55 µm. Fig. 4(a) shows the birefringence and confinement loss of x-and y-polarized modes at a target wavelength λ = 1.55 µm as a function of d 2 . The confinement loss monotonically decreases while the birefringence tends to flatten as the value of d 2 increases, indicating that the design can effectively reduce the loss without affecting its birefringence performance. The band of low confinement loss for SPSM operation (LCL-SPSM) as defined in [24] is the wavelength range over which one polarization state is attenuated by at least 25 dB/km while the orthogonal state suffers less than 1 dB/km. Calculation was performed in 0.1 µm steep, and it is found that when d 2 = 2.2 µm, the confinement loss of x-and y-polarized modes are 91.43 dB/km and 0.051 dB/km, which can ensure not only the x polarization mode leak out but also the confinement loss of y polarization mode be low enough. The layers dependence of the confinement loss with normal sized air holes is detailed in Fig. 4(b) , as expected, the 10 rings provide a better confinement of lightwave than the 6 rings. Compared with the traditional method of increasing the number of layers, our proposed design replaces the outermost air hole of the fiber with enlarged air holes, which can effectively reduce the confinement loss of the fiber and the difficulty of fabrication.
For an ideal single-polarization single-mode fiber, the cutoff wavelength of either polarization occurs when its effective index becomes equal to the cladding effective index of fundamental space-filling mode (FSM) [25] . Fig. 5(a) shows the effective index of the x-and y-polarization of the SPSM-PCF, and the cladding index of the corresponding FSM is also shown as a dotted line. The y-polarized fundamental mode has a higher effective index than the x-polarized fundamental mode, which can lead to high birefringence up to 3.25 × 10 −3 at 1.55 µm. The cutoff wavelength for xpolarization and y-polarization are 1.52 µm and 2.13 µm, respectively. Therefore, it can be realized that the fiber experiences a single polarization operation of 610 nm bandwidth (from 1.52 µm to 2.13 µm). The variation of the confinement loss with wavelength is exhibited in Fig. 5(b) . It can be found from Fig. 5(b) the bandwidth of the LCL-SPSM at 1.55 µm is from 1.52 µm to 1.78 µm.
Structure Deviation Tolerance on SPSM-PCF
Similarly, this single-polarization fiber can be fabricated by the stack-and-draw method. During the fabrication process, various errors can appear, leading to the deviation of the fiber's geometrical parameters [26] . Thus, it is important to estimate the influence of fabrication errors on the fiber SPSM properties. Here, for better understanding, we insert the deviation diagram in each result figures, with dotted circulars indicating the possible fabrication errors.
Effect of the Diameter Deviation on SPSM Operation:
In the actual production process, the parameters of the air holes need to be adjusted by controlling the air pressure during the drawing. However, if the air pressure is unstable, or the air holes are not well sealed [19] , it will result in a slight non-uniformity in the parameters of the air holes. On the other hand, the effective refractive index of modes is mainly determined by the structure around the fiber core. So, in this section, we focus on the influence of structural parameters of air holes in the inner ring on the SPSM-band evolutions.
(1) Variation of the Large Air Hole: In order to distinguish the diameters between two large air holes in the core region, the diameter of the left one is defined as D 1 and the right one is D 2 . Ideally, D 1 = D 2 = 3.8 µm. The diameter of the left large air hole D 1 is chosen as 3.9, 3.8, 3.7 µm, while D 2 and other parameters are kept constant. Fig. 6 shows the variations of effective index with the wavelength under the different diameters of the left large air hole. Comparing Fig. 6(a) , (b) and (c), we can observe that the SPSM operation region moves towards the long wavelength with the decrease of the diameter of the large air hole. The reason for this phenomenon is due to the change in the core region. When the large air hole in the horizontal direction gets smaller, the curves of the effective refractive index of both orthogonal fundamental modes arise, leading to the cutoff wavelength of x-and y-polarization both moving towards the long wavelength direction. Fig. 6(d) , (e) and (f) exhibits the effect of D 1 on the confinement loss as a function of wavelength in the range of 1.3-2.3 µm. It is obvious that the region for LCL-SPSM operation gets narrowed severely when SPSM operation shifts to the long wavelength. According to the parameter deviation of the D 1 , the confinement loss at 1.55 µm has changed significantly. When D 1 = 3.7 µm, the loss of y-polarization is up to 8.3 dB/km, no more satisfying the LCL-SPSM condition.
(2) Variation of the Small Air Hole: One of four small air holes in the first ring has a diameter of d 11 and d 11 is changed from 1.6 µm to 1.4 µm. Fig. 7 shows the effective index and confinement loss with the wavelength under different diameters of d 11 . Similarly, both the SPSM and LCL-SPSM operation region moves towards the long wavelength direction with the decrease of small air hole, because of the rise of the effective refractive index of x-polarized mode. Comparing Fig. 6(a) , (b) and (c), with Fig. 7(a), (b) and (c), the band narrowing of SPSM caused by the variation of small air hole is pronounced than that caused by large air holes. Dropping of curve of the effective refractive index of y-polarized mode is probably responsible for a tendency towards short cutoff wavelength. However, the result of LCL-SPSM operation region is completely opposite since the cutoff wavelength of LCL-SPSM in the long wavelength direction is determined by the confinement loss, indicating the variation of D induces more loss.
Effect of the Position Deviation on SPSM Operation:
An SPSM-PCF perform is formed by stacking different kinds of capillary tubes around a solid rod and jacketing these stacked tubes with an outer silica tube (out-jacket tube) [18] . If the capillary deviation occurs in the stacking process, it will cause the position of air holes to deviate from the predetermined position. Therefore, it is meaningful to analyze the effect of this kind of errors on polarization stability. Corresponding to the possibility of changes in horizontal and vertical position, the impact of both two situations will be discussed. We still focus our attention on the influence of position parameters of air holes in the inner ring on the SPSM-band evolutions. (1) Variation of the Large Air Hole (a) Effect of the Horizontal Position Deviation of One Large Air Hole on SPSM Operation: As described in Fig. 3 , the abscissa of the left large air hole is x 1 = −3 µm and that of the right one is x 2 = 3 µm. The position of the right air hole is fixed, x 2 is changed from −3.1 µm to −2.9 µm and the result is shown in the Fig. 8 . When x 1 = −3.1 µm, that is to say, when the large air hole is away from the fiber core, it induces higher effective index of all modes, and the SPSM operation moves towards long wavelength direction. In contrast, when the air hole approaches to the core, SPSM operation moves towards the short wavelength direction. What is more, the bandwidth of SPSM operation gets narrowed as long as the deviation of the horizontal position occurs. Fig. 8(d) , (e) and (f), show the confinement loss with wavelength under the horizontal position deviation of the large air hole. It is realized that when x 1 = −2.9 µm, the SPSM operation can still be achieved at 1.55 µm. When x 1 = −3.1 µm, the LCL-SPSM operation band is narrowing down to 160 nm and the loss of y-polarization at 1.55 µm is too high which is easier to leak. In addition, the LCL-SPSM bandwidth decreases strongly when SPSM operation moves towards long wavelength. The ordinates of large air holes are both y 1 = 0 µm. Since the fiber structure is longitudinal symmetry, we merely discuss the case where the deviation is upward. The position of the right air hole is still kept constant, while y 1 is varied as 0, 0.1 and 0.2 µm. Table 1 shows that it almost has no effect on the SPSM and LCL-SPSM operation region, in the case of the large air hole deviating from its original position in the longitudinal direction. Compared the confinement loss at 1.55 µm under different circumstances, it should be pointed out that the proposed fiber still satisfies the LCL-SPSM condition. This phenomenon is completely different from the effect of the horizontal position deviation because this deviation has no effective impact on the distribution of the mode field.
(
2) Variation of Small Air Hole (a) Effect of the Horizontal Position Deviation of One Small Air Hole on SPSM Operation:
We define the abscissa of one small air hole around core region is x 11 , and change the x 11 from −1.6 µm to −1.4 µm without changing other parameters. From Fig. 9(a), (b) and (c), with x 11 = −1.6, −1.5 and −1.4 µm, a cutoff of x-polarized mode occurs at 1.59, 1.52, and 1.49 µm and the cutoff of y-polarized mode occurs at 2.13, 2.13, and 1.74 µm. It indicates that the cutoff wavelength of both x-and y-polarized modes move towards short wavelength direction, which is similar to the evolution of one large air hole. As seen in the Fig. 9(d) , (e) and (f), since the increase of confinement loss induced by small air holes is smaller than that of large air holes, it still can maintain a broadband LCL-SPSM operation region. 
(b) Effect of the Longitudinal Position Deviation of One Small Air Hole on SPSM Operation:
The ordinate of one small air hole (y 11 ) in the fifth ring is decreased from 2.698 µm to 2.498 µm. It can be noted that the deviation of one small air hole along the longitudinal direction still has the influence on the SPSM and LCL-SPSM bandwidths. As shown in the Fig. 10(a), (b) and (c), with y 11 = 2.698, 2.598 and 2.498 µm, a corresponding SPSM operation can be realized within the wavelength range from 1.55 to 2.05 µm, 1.52 to 2.13 µm, and 1.51 to 2.05 µm, respectively. In addition, from Fig. 10(d) , (e) and (f), we can know that the related LCL-SPSM operation is more or less changed. Apart from the large air hole, the longitudinal deviation induced by small air holes has a stronger impact on the SPSM and LCL-SPSM operation.
Conclusions
We have presented and analyzed a novel structure of single-polarization single-mode (SPSM) PCF. By inducing double-cladding structure, the low confinement loss bandwidth for SPSM operation of
